1. Introduction {#s0005}
===============

Mitochondrial mediated proteins can damage the DNA or upregulated oncogenes when growth factor deprivation, high concentration of cytosolic Ca^2+^ and oxidative stress occur in Bcl2 family of proteins ([@b0175], [@b0035], [@b0120], [@b0050], [@b0075], [@b0245]). Drugs such as doxorubicin, paclitaxel, cisplatin and combination drugs had been extensively utilized in malignancy treatment ([@b0040]). However, these operators have indicated sudden toxicities to healthy tissues and the patients would be afflicted by excessive element effects ([@b0150]). In addition, most of the chemotherapeutic candidates might not kill most of the cancer cells and their repetitive administration develops drug resistance, which is even harder to deal with. Hence there is an earnest need to create remedial modalities with no or negligible reactions to healthy tissues ([@b0205]).

In this context, an assortment of characteristic nutritional compounds not much more effective for the targeted drugs, which have been investigated to conjugate the metal oxide and degradable nanoparticles for accurate drug delivery system. *In vitro* studies were carried out with novel CS-PAC-AgNPs for the ability to enhance the anticancer activities through a mitochondrial-mediated signaling pathway in HT-29 cells. To investigate the genotoxic effect on zebra fish embryo and larvae induced by CS-PAC-AgNPs, an arrangement evaluation, including embryonic mortality, hatching rate, distortion and entire embryo developing stage of cell death, were performed. Thus, the current approach could provide a platform to design/develop anticancer drug delivery system, especially for colon cancer.

2. Materials and methods {#s0010}
========================

2.1. Synthesis of chitosan coated PAC- AgNPs {#s0015}
--------------------------------------------

The detailed preparation of the nanoparticles from chitosan coated materials were reported in our previous study ([@b0135]). The bioactive compound loaded with chitosan nanoparticles (CS-PAC-AgNPs) was prepared by the nanoprecipitation technique ([@b0215]). [Fig. 1](#f0005){ref-type="fig"} represents the preparation method for PAC-AgNPs. Chitosan coated PAC-AgNPs (positive charge) were interacting with a TTP (negative charge) solution by a convenient ionic gelation technique.Fig. 1Schematic represents the preparation method for PAC-AgNPs. Chitosan coated PAC-AgNPs (positive charge) were interacting with a TTP (negative charge) solution by a convenient ionic gelation technique.

2.2. Nanoparticle characterization {#s0020}
----------------------------------

Fourier transform infrared spectroscopy (FTIR) investigation of chitosan coated PAC-AgNPs were documented by a PerkinElmer FTIR 4000 spectrometer. The surface morphology of the NPs was examined by FESEM (FEI Nova Nano 600, Netherlands and TEM, Tecnai G20, FEI Company, Hillsboro, OR).

2.3. Cell culture {#s0025}
-----------------

Human Colorectal cancer (HT-29) cell line was grown in RPMI-1640 medium (Gibco-BRL) containing 10% v/v warm-suspended fetal bovine serum (Gibco-BRL) with 2 mM-glutamine (Sigma Chemical), penicillin (100 mg/mL) and streptomycin (100 mg/mL). These supplemented media are referred as complete media or growth media and cells were passaged regularly and subcultured in 90% confluence with 0.2% trypsin (w/v) for every 2--3 days.

2.4. MTT cell viability and morphometric analysis assay {#s0030}
-------------------------------------------------------

The anchorage dependent cell viability of HT-29 cells treated with CS-PAC-AgNPs was assessed using cytotoxic assay ([@b0005]). The experiment for morphometric analysis was performed by following the method of [@b0100].

2.5. Calcein -- AM/EH staining {#s0035}
------------------------------

The cell death induced by nanoparticles, which is based on the difference in membrane integrity between the live and dead cells, was measured ([@b0055]).

2.6. DAPI staining {#s0040}
------------------

DAPI is a blue fluorescent dye that is sensitive to chromatins and very less toxic to cells; it can be employed to observe the nuclei changes in apoptotic cells. The images of the stained cells were captured using a fluorescence microscope with a suitable excitation filter ([@b0225]).

2.7. DNA fragmentation and cell apoptosis analysis {#s0045}
--------------------------------------------------

For both the analyses, the reported methodologies of [@b0095], [@b0130] were followed.

2.8. Western blotting {#s0050}
---------------------

The cells were treated for 24 h with respective GI~50~convergences of PAC-AgNPs and CS-PAC-AgNPs for the induction of apoptosis ([@b0190]).

2.9. *In-vivo* studies {#s0055}
----------------------

### 2.9.1. Parental fish growth and egg placement {#s0060}

The zebra fish, utilized as spawners, had a length of 3.62 cm and a weight of 1.00 gm. Prior to spawning, the male and female fish were housed independently for atleast 10 days. Care was taken in gathering the eggs. The glass tank secured with a fine nylon internet with an appropriate fitting crosssection estimate for eggs to fall through, were put in the aquarium on the day before breeding; male and female fish were taken in the ratio of 2:1 (male:female) to get the maximum quantity of embryos. The collected embryos were treated with various concentrations (1.56--25 µg/mL) of PAC, PAC-AgNPs and CS-PAC-AgNPs for 24, 48 and 72 hpf of exposure, respectively under a stereomicroscope (Magnus MLX) at 10X and 40X magnifications.

### 2.9.2. Quantification of intracellular ROS level {#s0065}

The fertilized and healthy grown larvae were seeded in 6-well plates containing 5 mL of E3 medium. The drug optimized concentration of the synthesized PAC-AgNPs and CS-PAC-AgNPs was used to treat the larvae for 120 h. After incubation, the larvae were washed with PBS. The intracellular ROS level was measured using 10 µM H~2~-DCFDA stain after incubation for 30 min in dark. The ROS discharge was checked by using the transformation of non-fluorescent H~2~-DCFDA into highly fluorescent 2′,7′- dichlorofluorescein (DCF), utilizing a stereofluorescence microscope (Perkin Elmer, USA) with an excitation filter at 485-530 nm.

2.10. Statistical analysis {#s0070}
--------------------------

All the statistical analyses were carried out with SPSS version 20 for Windows. The entire data were communicated as mean ± SE of triplicate independent analysis. One-path ANOVA with Dunnett\'s post hoc test was used for multi-gather correlations (apart from the GI~50~ values, which were assessed by nonlinear regression examinations).

3. Results and discussion {#s0075}
=========================

3.1. Characterization of CS-PAC-AgNPs {#s0080}
-------------------------------------

FTIR spectroscopy was executed using KBr as a reference to show the characteristic peak of the PAC-AgNPs and CS-PAC-AgNPs nanocombination. The sharp absorption peaks at 3454.26 amines indiacted N---H stretching, the one at 2924.04 cm^−1^ represented the C---H stretching, vibration (alkanes), and those at 1632.41, 1384.43, 1261.31, 1021.26, 801.58 and 618.54 cm^−1^ could be designated to C000000000000 000000000000 000000000000 111111111111 000000000000 111111111111 000000000000 000000000000 000000000000C (alkenes), C---H bend scissoring, C---O and C---H bending (Aromatic) in PAC-AgNPs ([Fig. 2](#f0010){ref-type="fig"}a). Moreover, CS-PAC-AgNPs have exhibited a strong transmittance peaks at 3835.50 (OH stretching of phenol), 3777.61 (NH~2~ stretching of amines), 3417.37 (N---H stretching of amide), 2351.01 (C---H stretching (alkyl)), 2144.37 to 1641.38 (CC and CC medium, stretching vibration (alkyne)), 1192.78 (C---N stretching (Amines)), 1100.15--606.9 (N---H and C---H bending), respectively. Similar peaks at 3417.37, 1641.38, 1192.78 and 606.96 cm^−1^ indicated the functional groups such as O---H stretching of the phenol, N---H expanding vibration of the amines, C---H and CC stretching of the alkanes representing that CS was conjugated to the PAC-AgNPs of the synthesized samples, as shown in [Fig. 2](#f0010){ref-type="fig"}b. In the nanoformulation attributes, peak was discovered due to the capability interaction of protonated amide/amine gatherings and adversely charged TPP cross connecting specialist. Comparative functional groups for chitosan-covered iron oxide nanoparticles have been additionally pronounced ([@b0200]). These observations strongly recommended that chitosan nanoparticles have been effectively loaded with PAC-AgNPs atoms via ionic interactions by means of the nanoprecipitation technique.Fig. 2Characterization of CS-PAC-AgNPs. (a) FTIR spectrum of PAC-AgNPs, (b) CS-PAC-AgNPs, (c) FE-SEM of synthesized PAC-AgNPs and (d) TEM image of CS-PAC-AgNPs.

The exterior characteristics and the topological complexity of the PAC-AgNPs and CS-PAC-AgNPs were inspected utilizing a transmission electron magnifying lens. The perceptions from FESEM and TEM data yielded information on the molecule shapes and the assurance of particle sizes. The formed PAC-AgNPs ([Fig. 2](#f0010){ref-type="fig"}c) exhibited a spherical shape, smooth surface and uniform size distribution ranging from 70.68 nm whereas, the CS-PAC-AgNPs size range was between of 52.16 nm and a combination of exceptional single particles with clean becoming a member of barriers changed into round along side the normal geometry of the proximate polyhedron (pentagon and hexagen) formed particles ([Fig. 2](#f0010){ref-type="fig"}d). Spherical shaped particles, which are 100--200 nm in size, had the very best capacity for the extended movement; quickly and consistently disguised on account of their symmetry ([@b0155], [@b0195], [@b0230]).

3.2. *In vitro* biological applications {#s0085}
---------------------------------------

### 3.2.1. Cytotoxicity assay {#s0090}

MTT assay is a commonly used technique to explore the cytotoxic impact of the synthesized nanoparticles. This examination depended on the capacity of the mitochondrial dehydrogenase enzymes from live cells to sever the tetrazolium rings of the light yellow MTT and frame dim blue formazan precious crystals, which would be mostly impermeable to cell membranes, bringing about its aggregation inside healthy cells. The cells had been treated with exceptional concentrations (1.52--25 µg/mL) of PAC, PAC-AgNPs and CS-PAC-AgNPs for 24 h ([Fig. 3](#f0015){ref-type="fig"}). However, the cell growth was substantially decreased while exposed to CS-PAC-NPs within the concentration range of 3.12 µg/mL. Futhermore, CS-PAC-NPs reduced cell growth potently in short times and in a concentration dependent way. In this case, it could be associated that CS-PAC-NPs had great anticancer activities. CS nanoparticles have derived an awesome application in nanomedicine because of their exclusive properties with the apparent therapeutic ability in finding and treating malignant tumors ([@b0170], [@b0145], [@b0020], [@b0025], [@b0210]).Fig. 3Cytotoxic effects of CS-PAC-AgNPs exerted against Colon cancer (HT-29) cells. Cells were treated with different concentrations of (1.56--25 μg/mL)for 24 h. Cell reasonability was distinguished by MTT assay. The trials were done in triplicates and each value represents mean ± SE.

### 3.2.2. Morphometric analysis {#s0095}

The morphometric changes were noticed in PAC, PAC-AgNPs and CS-PAC-AgNPs tested at a cytotoxicity inducing experimental GI~50~concentration (3.25 µg/mL), against HT-29 cells. Untreated cells appeared normal, healthy to be elongated, forming confluent cells and attaching to the flask. In contrast, important changes in the morphology and density of cells were observed after treatment with the PAC compound alone for 24 h in a dose dependent manner. Meanwhile, PAC-AgNPs brought about greater biocompatibility such as cell size reduction, cells appearing rounded and membrane blebbing as shown in [Fig. 4](#f0020){ref-type="fig"} and CS-PAC-AgNPs resulted in greater morphological changes ([@b0010], [@b0015]).Fig. 4Morphological characterization of HT-29 cells treated with GI~50~ concentration of 3.25 µg/mL of CS-PAC-AgNPs for 24 h.

### 3.2.3. Calcein -- AM/EH staining {#s0100}

Apoptosis, also known as programmed cell death, is regular to every multicellular living being for taking out cells by means of a complex however the exceedingly characterized program ([@b0240], [@b0140]). The live and dead cells have been observed by means of a fluorescence microscope. Optical images confirmed that the PAC-AgNPs and CS-PAC-AgNPs gradually decreased the range and density of cell growth based on GI~50~ concentration. Incubation of HT-29 cells treated with CS-PAC-AgNPs has drastically reduced the live cells binding with calcein (green) and increased the number of dead cells as observed with EH (red), correlated with the lowest attention and untreated groups ([Fig. 4](#f0020){ref-type="fig"}). The images clearly demonstrated the presence of apoptotic cells, such as irregular cells and formation of apoptotic bodies.

### 3.2.4. Fluorescence microscopic studies of nuclear staining {#s0105}

The apoptotic cell death is one of the mechanisms by which cell growth is extinguished. The cell nuclei were subsequently stained using DAPI. DAPI is a fluorescence stain that binds strongly to DNA. DAPI staining has been used to characterize the effects of CS-PAC-AgNPs induced apoptosis in cancer cells. Apoptosis is typically described by morphological and biochemical changes ([@b0085]). such as cytoplasmic shrinkage, nuclear chromatin condensation, shrinkage of nuclei, membrane blebbing and dilated endoplasmic reticulum. However, on treatment with PAC-AgNPs and CS-PAC-AgNPs, there was a significant nuclei fragmentation with condensed and apoptotic nuclei; when the incubation time was kept at 24 h, the number of apoptotic cells increased as shown in [Fig. 4](#f0020){ref-type="fig"}. Similar reports have shown that AgNPs could also induce DNA damage and apoptosis in cancer cells ([@b0110]).

3.3. Biochemical changes in apoptosis {#s0110}
-------------------------------------

DNA fragmentation was accomplished to analyse the effective consequences of CS-PAC-AgNPs on cell dependability and DNA replication. No ladder formation was observed in untreated cells. In shorter incubation times, the PAC-AgNPs and CS-PAC-AgNPs achieved early apoptosis. When incubated for long term durations, the later phase apoptotic cells with more nuclear fragmentations were determined ([Fig. 5](#f0025){ref-type="fig"}) ([@b0060], [@b0250]).Fig. 5Biochemical changes of apoptosis in HT-29 cells initiated by CS-PAC-AgNPs for 24 h. DNA fragmentation was evaluated by 1.5% agarose gel electrophoresis and ethidium bromide staining and viewed under a UV transilluminator. Fragmented internucleosomal DNA appears as a ladder. "M" indicates 1 bp DNA ladder; (L1) Control, (L2) PAC, (L3) PAC-AgNPs and (L4) CS-PAC-AgNPs.

3.4. Flow cytometry analysis {#s0115}
----------------------------

The effects of CS-PAC-AgNPs on apoptosis of HT-29 cells were determined by using annexin V/PI staining based on FACS analysis. Number of late and early apoptotic cells (6.30% and 28.50% in GI~50~ concentration of PAC; 5.50% and 39.6% in GI~50~ concentration of PAC-AgNPs; 8.80% and 56.4% in GI~50~ concentration of CS-PAC-AgNPs respectively) and necrotic cells (0.9% PAC, 0.3% PAC-AgNPs and 1.0% CS-PAC-AgNPs) were evaluated in comparison to untreated control cells ([Fig. 6](#f0030){ref-type="fig"}) ([@b0065], [@b0235], [@b0045]).Fig. 6Apoptotic cell death in HT-29 cells induced by CS-PAC-AgNPs as detected by flow cytometry. (a) Control, (b) PAC, (c) PAC-AgNPs and (d) CS-PAC-AgNPs.

3.5. Western blotting {#s0120}
---------------------

The HT-29 cells were treated with GI~50~ concentration (3.5 µg/mL) of PAC-AgNPs and CS-PAC-AgNPs for 24 h. The results disclosed important upregulation of the expression of Bax (pro-apoptotic protein) while the expressions of Bcl2 and Bcl-XL (anti-apoptotic protein) have been significantly downregulated, as delineated in [Fig. 7](#f0035){ref-type="fig"}. The CS-PAC-AgNPs significantly decreased the intensity of band ratio when compared to PAC-AgNPs. β-actin was utilized as a stacking control, which indicated measure up to equal intensity band and protein concentration in all examples. The induction of apoptosis initiated by medicate stacked chitosan nanoparticles was accounted ([@b0220], [@b0160]).Fig. 7Expression of apoptosis related proteins in HT-29 cells, induced by CS-PAC-AgNPs for 24 h as confirmed by western blot analysis.

Cytochrome C is a major constituent of intrinsic cell apoptotic signal molecules, which can initiate the caspase cascade reaction and induce apoptosis. The protein expression of cytochrome c releasing mitochondria in HT-29 cells was significantly downregulated when treated with CS-PAC-AgNPs for 24 h has been shown in [Fig. 8](#f0040){ref-type="fig"}. The initiator caspase - 9 at that point cuts and actuates the killer caspase - 3, 6 and 7, resulting in cell apoptosis ([@b0125], [@b0070]).Fig. 8Activation of caspase-dependent apoptotic pathway in HT-29 cells, treated with CS-PAC-AgNPs for 24 h as confirmed by western blot analysis.

The signal transduction of apoptotic key pathways occurred in caspase cascade reaction. The expressions of cellular apoptotic proteins, caspase - 9 and caspase - 3 were determined. The caspase enzyme to cleave the procaspase 9 and caspase 3, were found the up and down regulation process after treatment of CS-PAC-AgNPs as represented in [Fig. 8](#f0040){ref-type="fig"} ([@b0030], [@b0105]). [Fig. 9](#f0045){ref-type="fig"} illustrates the overall possible mechanism of CS-PAC-AgNPs induced mitochondrial apoptosis signaling pathway.Fig. 9Overall possible mechanism of CS-PAC-AgNPs induced mitochondrial apoptotic signaling pathway.

3.6. *In vivo* studies {#s0125}
----------------------

Zebra fish (*Danio rerio*) has been extensively used in biological and biochemical studies for checking out the genotoxic consequences. Zebra fish is an excellent animal model for *in vivo* imaging and biocompatability assessments of nanomaterials because of its high transparency, quicker embryonic development, smooth renovation and similarity with mammals viz. mice, rats and humans ([@b0115], [@b0180], [@b0080]).

3.7. Mortality and hatching rate {#s0130}
--------------------------------

To assess the viable toxicities of PAC, PAC-AgNPs and CS-PAC-AgNPs (1.5--25 µg/mL) to zebra fish embryos, the death and hatching rates were assessed during a continuing observation period. This was done by counting live/dead embryos and larvae in each of the exposure chambers. At lower concentrations there was no extensive difference in mortality. At higher concentrations of 12.5--25 µg/mL, the mortality rate was increased significantly compared to the control. The hatching period of 48--72 hpf was the normal incubation time of embryos. [Fig. 10](#f0050){ref-type="fig"} demonstrates a strong inhibition of hatching rate by CS-PAC-AgNPs. At 72 hpf, the hatching rate at 25 µg/mL concentration (25.0%) was less than the control (95.0%) ([Fig. 11](#f0055){ref-type="fig"}). The improved measurements was persisted for further studies (3.25 µg/mL).Fig. 10Mortality and hatching rate of zebrafish embryos exposed to CS-PAC-AgNPs increased in a dose-and time-dependent manner. Data are presented as mean ± S.E of three independent tests. (a) Percentage of mortality rate and (b) percentage of hatching rate.Fig. 11Representative images of genotoxic effects in zebrafish embryo and larvae based on different incubation hours post fertilization (hpf).

3.8. ROS generation {#s0135}
-------------------

The capacity of CS-PAC-AgNPs to initiate oxidative stress was distinguished by the utilization of non-fluoresence dye 2,7-dichlorofluorescin diacetate (H~2~-DCFDA). The aggregation of ROS outcomes in the oxidation of H~2~-DCF stain treated larvae exhibited excessive green fluorescence intensity when compared to the untreated larvae in a concentration and time dependent manner as shown in [Fig. 12](#f0060){ref-type="fig"}. Moreover, a low level of fluorescence was emitted by PAC whereas the particles covered with metal and polymeric naoparticles have discharged a high intensity of fluorescence. Oxidative stress has been proposed to be one of the mechanisms of cell death, induced by using most of the metal oxide nanoparticles ([@b0185]). Oxidative stress ensues as a consequence of imbalance between the generation of ROS and cancer prevention in the biological system. In this investigation, it was determined that CS-PAC-AgNPs, even at a low concentration, caused ROS generation. Subsequently, it has been deliberated that ROS generation in the present setting might be a definitive reason for cell death in larvae, acting through DNA damage, genomic instability, loss of cell membrane and cell death ([@b0090], [@b0165]).Fig. 12Fluorescent microscopic images of ROS in zebrafish larvaes following exposure to CS-PAC-AgNPs for 120 h.

4. Conclusions {#s0140}
==============

In summary, a novel nanocombination using biodegradable chitosan has been synthesized to improve biocompatability, low toxicity and solubility of the drugs. In particular, this drug was found to enhance the mortality of colon cancer cells with an underlying molecular mechanism of intrinsic pathway. *In vivo* studies have used the developmental zebrafish model for assessing genotoxic effects of the synthesized CS-PAC-AgNPs. In conclusion, the new nanocombination in this study, may further advance the use of CS-PAC-AgNPs-based nanotherapeatic biomaterials, for various biomedical applications, especially cancer nanotherapy.
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